In this research, a quick switching sampling (QSS) system based on the coefficient of variation (CV) is developed, which utilizes information from present and previous lots to make a decision about the submitted lot of product. The design parameters of the proposed plan are determined through a non-linear optimization solution. In addition, the performance of the proposed plan is compared with plans available in the literature in terms of sample size. Finally, one example is given to illustrate the proposed plan.
Introduction
A high quality of product is a main target of many companies. This target can be achieved only when inspection of the product, at every stage, is done carefully. Usually, 100% inspection of the goods is not feasible because of the costs, time, destructive tests and so on. Therefore, an acceptance sampling plan is widely used for inspection of goods, including raw material, semi-product, final product and product shipment. An acceptance sampling plan aims to make the decision of accepting or rejecting a lot based on the information obtained for the sample. Acceptance sampling plans are intended to reduce inspection cost, risks associated with inspection, and time for tests of lot sentencing. Two types of sampling plans, called the attribute sampling plan and variable sampling plan, have been widely used in the industry for the inspection of products. The attribute sampling plan applies to cases where the data comes from the counting process, while variable sampling plans are designed for the measurement data and contain more information about the variable of the study than attribute sampling plans. As mentioned by Montgomery [1] , variable sampling plans would require a smaller sample size compared to attribute sampling plans. The details of various acceptance sampling plans and their applications can be seen in references [2] [3] [4] [5] [6] .
Several acceptance sampling plans, such as single plans, double sampling plans, repetitive sampling plans and quick switching sampling (QSS) systems, have been used in the industry for lot sentencing. Among them, a single sampling plan is widely used in the industry for the inspection of the submitted lot, due to easy implementation. In single sampling, the fate of the submitted lot Technologies 2018, 6, 98 2 of 13 of product is dependent on single sample information. The double sampling plan involves making a decision of accepting or rejecting one lot or taking a second sample in the first sample. If a second sample is taken, then the decision is made based on the combined information of two samples. The repetitive sampling plan is used when the decision of lot sentencing cannot be made on the first sample. The QSS system was first introduced by Dodge [7] and Romboski [8] . The QSS system is also known as the tightened-normal-tightened (TNT) sampling plan, originally proposed by Calvin [9] . Calvin [9] showed that the QSS system is more efficient than a single sampling plan. Soundararajan et al. [10] provided some useful tables for this type of sampling plan. Vijayaraghavan et al [11] proposed another modified QSS system. Muthuraj et al. [12] designed a variable TNT plan. More details about TNT sampling plans can be seen in references [13, 14] .
In most cases, the evaluation of the quality characteristics of the product is based on either the mean or the standard deviation. Nevertheless, in specific scenarios, the practitioner may be interested in the relative variability compared with the mean, instead of the changes in the mean or the standard deviation. The coefficient of variation (CV) considers the degree of the standard deviation relative to the mean, which is used as a measure of variability for circumstances where the standard deviation is proportional to the mean, or measurements are made in different units. As Castagliola et al. [15] mentions "some quality characteristics related to the physical properties of products usually have the standard deviation proportional to the mean". For such a case, the CV can be regarded as a suitable quality index to evaluate the stability of the product quality. In manufacturing industries, the CV has been widely used in many practical applications of quality control, such as reliability [16] [17] [18] , control chart [15, 19, 20] and acceptance sampling plan. [21] [22] [23] [24] By exploring the literature and utilizing the best of the authors' knowledge, the existing sampling plans based on CV include the single sampling plan [21, 22] , the multiple dependent state sampling plan [23] and the two-stage sampling plan [24] . The work on the design of the QSS system is not yet proposed. Also, the QSS system is more efficient than the conventional single sampling plan, which contains a normal plan and a tightened plan. In this paper, the research question is the design of a decision tool for lot sentencing when the stability of the product characteristic is of critical concern. The hypothesis is that the standard deviation of the product characteristic is proportional to the mean of the product characteristic. Therefore, we aim to provide the parameters of a quick switching sampling system based on CV to make a judgement of one lot, which can minimize the sample size while satisfying the corresponding risks and quality levels required by the vendor and the customer.
QSS System Based on CV
As we know, the mean and standard deviation are usually both measured in the same units, and they give information on the central location and spread of data, respectively. However, it may be more suitable to use CV instead of standard deviation if we want to make a comparison of the stability of data sets with different units or widely different means. The CV considers the spread of data relative to the central location, a dimensionless number, which is defined as
where µ is the mean, and σ is the standard deviation. In fact, the parameter CV is usually unknown, so we must use the sample statistic to estimate it. To estimate the CV, let us define the natural estimator
where X is the sample mean, and S is the sample standard deviation. Suppose that the data obeys the normal distribution with mean µ and standard deviation σ, Iglewicz et al. [25] showed that the statistic CV is distributed as t n−1, δ , where t n−1, δ is a non-central t distribution with n − 1 degrees of freedom and non-central parameter δ = √ n/CV.
The Proposed Methodology
According to reference [24] "The QSS (Quick Switching sampling) system provides a flexible sampling procedure by switching decision rules between normal and tightened inspections. Users can accordingly utilize these two inspection policies for lot sentencing. If the quality characteristic of interest follows a normal distribution and has two-sided specification limits (LSL and USL)", then the proposed methodology is operated as follows [14] : (1) Step 1: Begin with the normal inspection. Take a random sample of size from the lot and compute. (2) Step 2: Accept the lot if and continue the normal inspection for the next lot, where is the critical acceptance value under the normal inspection. Otherwise, switch to the tightened inspection as in Step 3 for the next lot. (3) Step 3: During the tightened inspection, take a random sample of size from the lot and compute. (4) Step 4: Accept the lot if and switch to the normal inspection as in Step 1 for the next lot, where is the critical acceptance value under the tightened inspection and k T < k N Otherwise, continue the tightened inspection as in Step 3 for the next lot.
According to references [7, 8] , the Operating Characteristic (OC) function of the QSS can be expressed as
where P N (p) is the probability of accepting a lot under the normal inspection and P T (p) is the probability of accepting a lot under the tightened inspection. Therefore, the OC function of the proposed sampling plan based on CV can be written as
and P T (CV) and P N (CV) can also be expressed as
Usually, the plan parameters of sampling plans are determined using the producer's risk, consumer's risk, acceptable quality level (AQL) and limiting quality level (LQL) on the OC curve. Through these two designated points (CV AQL , 1 − α) and (CV LTPD , β), the proposed sampling plan based on CV can be obtained as Min n
where CV AQL and CV LTPD are the acceptable quality level and lot tolerance percent defective for CV, respectively. Referring to Equations (4)−(6), the above model can be expressed as
Min n
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To apply the proposed plan in the industry, the plan parameters n, k N and k T are given for the sampling plans, with commonly used α, β, CV AQL and CV LTPD . Tables 1-4 display the values (n, k T , k N ) for the producer's α-risk and buyer's β-risk, (α, β) = (0.05, 0.1), (0.1, 0.05), (0.05, 0.05) and (0.1, 0.1), with some quality levels of the coefficient of variation. Referring to the designed sampling system, the practitioners can determine the number of production items to be sampled and the corresponding critical values between normal and tightened inspections. For example, if the benchmarking quality level (CV AQL , CV LTPD ) is set to (0.07, 0.09) with the producer's α-risk = 0.05, and the buyer's β-risk = 0.10, then the corresponding sample size and critical values for a normal inspection and tightened inspection can be obtained as ( n, k N ) = (25, 0.0898) and ( n, k T ) = (25, 0.0684), respectively. 
Comparison and Analysis
A sampling plan can be regarded as better if it requires a lower sample size compared to other sampling plans with the same protection to the buyer and the vendor. In addition, owing to the existence of sampling error in acceptance sampling plans, the risk of misjudging is unavoidable. Therefore, a well-designed sampling plan should have a high probability of accepting the lot at the acceptable quality level and a low probability of accepting the lot at lot tolerance percent defective, as well as a smaller sample size (average sample number).
In this section, two measures of the OC curve and sample size are used to evaluate the performance of the proposed method and two other sampling plans which are the single sampling plan based on CV [21] and the two-stage sampling plan based on CV [24] .
The OC curve is extensively used to show the discriminatory power of sampling plans. Figures 1  and 2 display the OC curves for producer risk and buyer risk, (α, β) = (0.05, 0.1) and (0.1, 0.05), respectively, which plot the probability of accepting a lot versus the various quality levels of the coefficient of variation. Overall, the appearance of the OC curve for our proposed methodology is closer to the ideal OC curve. As shown in Figures 1b-d and 2b-d , we can observe that the slopes of the OC curves for our proposed methodology are steeper than those of the two other sampling plans. On the other hand, the average sample numbers for three sampling plans gives the combination of producer risk and buyer risk, (α, β) = (0.05, 0.1) and (0.1, 0.05), displayed in Table 5 . From Table 5 , we can observe the sample size of the proposed plan is significantly smaller than those of the two other sampling plans for all combinations of quality levels. For example, when CV AQL = 0.06, CV LTPD = 0.08, α = 0.05 and β = 0.1, the required average sample number of the proposed plan is only 19. Instead, the required average sample numbers for Tong and Chen [21] and Yan et al. [24] are 53 and 47.1, respectively. So from the viewpoint of the OC curve and sample size, we can conclude that the proposed plan surely has a better performance than the existing plans based on CV. producer risk and buyer risk, (α , β ) = (0.05, 0.1) and (0.1, 0.05), displayed in Table 5 . From Table 5, we can observe the sample size of the proposed plan is significantly smaller than those of the two other sampling plans for all combinations of quality levels. For example, when
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, α = 0.05 and β = 0.1, the required average sample number of the proposed plan is only 19. Instead, the required average sample numbers for Tong and Chen [21] and Yan et al. [24] are 53 and 47.1, respectively. So from the viewpoint of the OC curve and sample size, we can conclude that the proposed plan surely has a better performance than the existing plans based on CV. In order to confirm the performance of the proposed method and two stage sampling plan, we simulate N = 10000 lots in each combination of Table 6 , to calculate the probability of accepting or rejecting lots and the corresponding ASN (Average Sample Number). The outputs of this simulation are displayed in Table 7 . The simulation results clearly indicate that the probabilities of accepting lots are all very close to the predetermined value of 1-α and β in all the cases we investigated. Furthermore, we also see the ASN of the proposed method is obviously smaller than that of two-stage sampling plan for all combinations of quality levels. Thus, we can conclude that the proposed method provides a smaller ASN than that of the two-stage sampling plan. Table 6 . The parameters of two sampling plans for α = 0.05 and β = 0.1.
Quality Level
The Table 7 . Probabilities of accepting the lot with various (CV AQL , CV LTPD ) for α=0.05 and β=0.10 by simulation with 10000 times. NA: the probability of lot acceptance at normal inspection; NR: the probability of lot rejection at normal inspection; TA: the probability of lot acceptance at tightened inspection; TR: the probability of lot rejection at tightened inspection; AP: the probability of lot acceptance under CV AQ ; LP: the probability of lot acceptance under CV LTPD ; FA: the probability of lot acceptance at first stage inspection; FR: the probability of lot rejection at first stage inspection; SA: the probability of lot acceptance at second stage inspection; SR: the probability of lot rejection at second stage inspection.
An Example in Industry
To demonstrate the applicability of the proposed methodology, an example of steel is used for illustration. Steel is an alloy of iron and other elements, and is widely used in construction and other applications because of its high tensile strength. So the tensile strength of steel is a critical characteristic. As mentioned by Wang and Xiao, [22] and Yan et al. [24] , "In a steel factory, the mean tensile strength of each batch of steel may be different because of different techniques and a different proportion of ingredients or other factors. Frequently steel users are more concerned with the stability of tensile strength for one batch of steel than the average tensile strength for one batch of steel since the stability of tensile strength is very important for the enterprises who use the steel in batches to complete remanufacturing production". Therefore, when we want to judge if the stability of product quality meets the required quality level, a QSS based on CV can be implemented.
Suppose the specification limits of ultimate tensile strength for a particular model of A36 steel are LSL = 400 MPa and USL = 550 MPa. In the contract approved by both the vendor and the buyer, the quality level of CV AQL and CV LTPD are set to 0.06 and 0.08 with α = 0.05 and β = 0.10. Beginning with the normal inspection, we can find the inspected sample size and the corresponding critical acceptance value of the sampling system are (n, k T , k N ) = (19, 0.0576, 0.0798) from Table 1 . Sample data taken from the lot randomly are displayed in Table 8 . We use the normal probability plot to execute the normality test of sample data as shown in Figure 3 , which indicates the sample data follow the normal distribution. Based on these observations, we can obtain X= 508.9758, S = 32.23883, and
Since the value of ∧ CV is less than 0.0798, this lot is accepted and we will continue the normal inspection for the next lot. characteristic. As mentioned by Wang and Xiao, [22] and Yan et al. [24] , "In a steel factory, the mean tensile strength of each batch of steel may be different because of different techniques and a different proportion of ingredients or other factors. Frequently steel users are more concerned with the stability of tensile strength for one batch of steel than the average tensile strength for one batch of steel since the stability of tensile strength is very important for the enterprises who use the steel in batches to complete remanufacturing production". Therefore, when we want to judge if the stability of product quality meets the required quality level, a QSS based on CV can be implemented. Suppose the specification limits of ultimate tensile strength for a particular model of A36 steel are LSL = 400 MPa and USL = 550 MPa. In the contract approved by both the vendor and the buyer, Table 1 .
Sample data taken from the lot randomly are displayed in Table 8 . We use the normal probability plot to execute the normality test of sample data as shown in Figure 3 , which indicates the sample data follow the normal distribution. Based on these observations, we can obtain X = 508. 
Conclusions
The coefficient of variation, defined as the ratio of the standard deviation to the mean, is widely used to measure the relative variation of a variable to its mean in many practical applications. Especially, using this index to evaluate the performance of products is more suitable than other indices when the stability of product quality becomes a focus. In this paper, a QSS system based on CV is proposed for lot sentencing, which consists of a normal inspection and a tightened inspection. For practical purposes, we tabulate the sample size and critical values of the sampling system for some combinations of quality levels with specified risks. In addition, we implement the comparative analysis of the proposed method and two other sampling plans based on CV, in terms of the required sample size and OC curve, which shows that our approach has a better performance than two others. In the end, an example is taken to illustrate the proposed methodology. The proposed methodology can be extended to build a new plan with rectifying inspection considerations for future research. 
